Hippocampal network hyperexcitability is considered an early indicator of Alzheimer's disease (AD) memory impairment. Some AD mouse models exhibit similar network phenotypes. In this study we focused on dentate gyrus (DG) granule cell spontaneous and evoked properties in 9-month-old Tg2576 mice that model AD amyloidosis and cognitive deficits. Using whole-cell patch-clamp recordings, we found that Tg2576 DG granule cells exhibited spontaneous EPSCs that were higher in frequency but not amplitude compared with wild-type mice, suggesting hyperactivity of DG granule cells via a presynaptic mechanism. Further support of a presynaptic mechanism was revealed by increased I-O relationships and probability of release in Tg2576 DG granule cells.
Introduction
Hippocampus-dependent learning and memory deficits are quintessential features of Alzheimer's disease (AD; Schiöth et al., 2012) that are evident in animal models of the disease including the Tg2576 mouse model of AD where overexpression of mutant amyloid precursor protein (APP) leads to ␤ amyloid (A␤) accumulation, synaptic damage, and hippocampus-dependent cognitive deficits (Dineley et al., 2002; . Tg2576 mice also exhibit a recently recognized feature of mild cognitive impairment (MCI) and early AD: dysregulated insulin signaling (Abramov and Duchen, 2010; Agrawal and Gomez-Pinilla, 2012; De Felice, 2013) . Peripheral insulin resistance is correlated with cognitive deficits in human AD (Talbot et al., 2012) , a phenotype reflected in the Tg2576 model that also manifests as dysregulated CNS insulin signaling Denner et al., 2012) .
A key mediator of insulin sensitivity is the nuclear transcription factor peroxisome proliferator-activated receptor gamma (PPAR␥). Because of the emergent shared comorbidity of insulin resistance in AD and diabetes (Biessels et al., 2006) , we and others have proposed that PPAR␥ is an opportunistic therapeutic target in MCI/AD patients with concomitant insulin dysregulation (Geldmacher et al., 2011; Sato et al., 2011) . Indeed, PPAR␥ agonism with drugs such as rosiglitazone (RSG) improved cognition in some early AD patients and in several animal models of AD (Hamann et al., 2002; Pedersen et al., 2006; Hort et al., 2007; Hoefer et al., 2008 ; Escribano et al., 2010; Rodriguez-Rivera et al., 2011). Our previous findings showed that RSG enhanced hippocampus-dependent cognition in the Tg2576 mouse model through convergence of the PPAR␥ and ERK MAPK signaling pathways in the dentate gyrus (DG) . In the present study we investigated DG synaptic mechanisms in Tg2576 treated with or without the PPAR␥ agonist RSG to determine how these pathways that enhance cognition might also influence synaptic transmission.
Previous work suggested that mouse models for AD-like amyloidosis exhibit hippocampal network hyperexcitability similar to what is now considered an indicator of early AD memory impairment (Palop et al., 2007; Putcha et al., 2011; Bejanin et al., 2012) . In the present study we investigated spontaneous and evoked EPSCs (sEPSCs; eEPSCs) in 9-month-old (9MO) Tg2576 DG, and whether these were affected by RSG. Because we found increased excitatory synaptic transmission in 9MO Tg2576 DG granule cells that reflected augmented probability of neurotransmitter release (P r ), which was normalized with RSG, we used mass spectrometry and bioinformatics approaches to focus on proteins important for synaptic vesicle function that were affected during cognitive enhancement following PPAR␥ activation. We found RSG induced expression of many proteins previously reported to be affected in the hippocampus of AD patients whose dysregulation correlated with poor cognitive performance and diminished cognitive reserve (Tannenberg et al., 2006; Honer et al., 2012) . These findings indicate that DG principal cells may contribute to early AD hippocampal network hyperexcitability via presynaptic hyperactivity mechanisms that are normalized during cognitive enhancement following activation of PPAR␥ by presynaptic vesicular proteins critical for proper glutamatergic neurotransmitter release, synaptic transmission, and short-term plasticity.
Materials and Methods
Animals. Animals were bred in the University of Texas Medical Branch (UTMB) animal care facility by mating heterozygous Tg2576 males with C57BL/6SJL (F1) females (The Jackson Laboratory). The UTMB operates in compliance with the United States Department of Agriculture Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and Institutional Animal Care and Use Committee-approved protocols. Mice were housed, n Յ 5 per cage, with food and water ad libitum. All animal manipulations were conducted during the lights-on phase (0700 -1900 h). Male and female 8MO Tg2576 and wild-type (WT) littermates were fed control or 30 mg/kg RSG diet (Bio-Serv) for 30 d, as previously described . Animals were killed by decapitation and the brain rapidly removed from the skull for hippocampus dissection.
Slice preparation. Acute hippocampal slices were prepared from 9MO WT littermate control and Tg2576 mice treated or untreated with RSG. Animals were anesthetized with 2-2-2-tribromoethanol (Avertin; Sigma) then intracardiac perfusion was performed with sucrose-based artificial CSF (sucrose-based ACSF) consisting of the following (in mM): 56 NaCl, 100 Sucrose, 2.5 KCl, 20 glucose, 5 MgCl 2 , 1 CaCl 2 , 30 NaHCO 3 , and 1.25 NaH 2 PO 4 , osmolarity 300 -310, pH 7.4. Brains were dissected and 250 m horizontal hippocampal slices prepared with a Leica Vibratome 1200S (Leica) in iced sucrose-based ACSF continuously oxygenized and equilibrated to pH 7.4 with a mixture of 95% O 2 /5% CO 2 . Slices were then transferred to an incubation chamber with standard ACSF consisting of the following (in mM): 130 NaCl, 3.5 KCl, 10 glucose, 1.5 MgCl 2 , 1.4 CaCl 2 , 23 NaHCO 3 , and 1.25 NaH 2 PO 4 , osmolarity 300 -310, oxygenated and equilibrated to pH 7.4 with a mixture of 95% O 2 /5% CO 2 at 31°C. After 1-2 h of recovery, brain slices were placed in a submerged recording chamber on the stage of an upright microscope (Axioskop2 FS plus; Zeiss). Slices were continuously perfused at room temperature with standard ACSF (ϳ2 ml/min). All recordings were performed in the presence of 20 M bicuculline to block GABAergic synaptic transmission.
Patch-clamp recording and data analysis. Whole-cell patch-clamp recordings were obtained from visually identified DG granule cells using infrared DIC-IR optics. Recording pipettes (4 -7 M⍀ tip resistance) were fabricated from borosilicate glass (WPI) using a two-step vertical puller PP-83 (Narishige), and filled with intracellular solution containing the following (in mM): 120 CH 3 KO 3 S, 10 KCl, 10 HEPES, 10 glucose, 2 MgCl 2 , 0.5 EGTA, 2 MgATP, and 0.5 Na 3 GTP, osmolarity 280 -290, pH 7.3, adjusted with KOH. Whole-cell somatic recordings were performed using an Axopatch 200A amplifier (Molecular Devices), low-pass filtered at 5 kHz, and sampled at 10 -20 kHz using a Digidata 1200 analog-todigital interface and pClamp7 acquisition software (Molecular Devices). After seal formation and membrane rupture, sEPSCs and eEPSCs (elicited either by paired pulse or 20 Hz stimulation) were recorded at a holding potential of Ϫ70 and Ϫ80 mV, respectively. sEPSCs and eEPSCs for each cell were analyzed using MiniAnalysis 6.0 (Synaptosoft) and Clampfit 9, respectively. All spontaneous events were automatically detected and visually inspected with the threshold amplitude for the detection of an event adjusted to 5 pA (Ն2 SD above noise level).
eEPSCs were elicited by paired-pulse stimulation of variable current step intensities (25 A increments) with 50 ms interpulse interval using an isolated pulse stimulator MODEL 2100 (A-M Systems) and a monopolar tungsten electrode (FHC) positioned in the middle third of the molecular layer to activate the medial perforate path. Minimal stimulus intensity was defined as the amount of current required to induce at least one synaptic response (eEPSC). I-O relationships (average of four EPSC traces at each given stimulus) were individually analyzed for each pulse from paired-pulse stimulation. Paired-pulse ratios (PPR) were calculated using paired-pulse stimulation at a fixed current (175 A) with 10 -15 traces to reduce variability of EPSCs. To estimate the size of the readily releasable pool (RRP) and the probability of release, a 1.6 s, 20 Hz stimulation was used to evoke a series of EPSCs and cumulative charge was calculated. Unpaired and paired Student's t tests were used to compare two sets of data. One-way ANOVA with either Bonferroni or Dunnett's post hoc analysis and Kruskal-Wallis one-way ANOVA with Dunn's post hoc were used for multiple comparisons.
Quantitative mass spectrometry. Stable isotope labeling was used to quantify differential protein expression as previously described Wu et al., 2013) . Briefly, the DGs from 10 mice each of Tg2576 fed control or RSG diet were homogenized in TRIzol (Life Technologies) and the protein pellet resuspended in guanidine. Following reduction and alkylation, proteins were digested with trypsin and peptides desalted with SepPack C18 cartridges. Dried peptides were then treated with immobilized trypsin (Applied Biosystems) in normal water (H 2 16 O) or heavy water (H 2 18 O) for trypsin-mediated exchange of oxygen atoms from water onto the C terminus of peptides. Desalted peptides were then pooled to prepare a mixture of 16 O-labeled peptides from control-fed mice and 18 O-labeled peptides from RSG-fed mice. To reduce the sample complexity and increase the depth of analysis into the proteome, the peptide mixture was resolved into 60 fractions using strong cation exchange chromatography.
Two-dimensional liquid chromatography-tandem mass spectrometry. Each SCX fraction was injected onto a C18 peptide trap (Agilent) and desalted, and eluted peptides were separated on a reversed phase nano-HPLC column with a linear gradient over 120 min at 200 nl/min. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) experiments were performed with an LTQ linear ion trap MS (Thermo Finnigan) equipped with a nanospray source. The mass spectrometer was coupled on-line to a ProteomX nano-HPLC system (Thermo Finnigan). The mass spectrometer was operated in the data-dependent triple-play mode. In this mode, the three most intense ions in each MS survey scan were automatically selected for moderate resolution zoom scans, which were followed by MS/MS. Each of the peptide mixtures was repetitively analyzed by nano-HPLC-MS/MS three times. The acquired MS/MS spectra were searched with SEQUEST algorithm performed on the BioWorks 3.2 platform (Thermo Finnigan) using conservative filtering criteria of Sp Ն 300, ⌬Cn Ն 0.12, and X corr of 1.9, 2.0, and 3.0 for data from a singly, doubly, or triply charged precursor ions, respectively.
The zoom scan data were used to calculate the relative abundance ratios of 18 O-labeled peptide/ 16 O-unlabeled peptide pairs using MassXplorer (Sadygov et al., 2010). Peptides with charge Ͼ 3, false discovery rate Ͼ 3%, 18 O/ 16 O ratios Ͻ 0.1 or Ͼ 10, and reversed sequences were removed from further analysis. Calculated peptide ratios were log 2 transformed and mean centered before statistical analysis. Significance was determined using the Wilcoxon rank-sum test with Benjamini-Hochberg false discovery rate correction for multiple testing comparisons as indicated (Benjamini and Hochberg, 1995) . Bioinformatics. Data were analyzed through the use of the extensively curated Ingenuity Pathways Analysis (IPA; Ingenuity Systems) with a significance cutoff of p Յ 0.05 and Ն20% change in protein expression. Network analysis generates a graphical representation of the molecular relationships between molecules. Molecules are represented as nodes, and the biological relationship between two nodes is represented as a line. All lines are supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Knowledge Base. PPREs and CREs were from DECODE (http://www. sabiosciences.com) and the Montminy Lab CREB Target Gene Database at https://www. salk.edu/labs/pbl-m/contactus.php (Zhang et al., 2005) .
Results
We previously demonstrated enhanced hippocampus-dependent cognitive function in 9MO Tg2576 AD mice following treatment with the PPAR␥ agonist RSG . RSG cognitive enhancement was mediated by CNS PPAR␥ and led to convergence of the hippocampal PPAR␥ and pERK pathways at the level of both the transcriptome and proteome . To investigate whether, along with compromised hippocampal cognitive function, Tg2576 also exhibit altered synaptic transmission and short-term plasticity, we performed whole-cell patch-clamp electrophysiology on DG granule cells in acute hippocampal slices prepared from 9MO WT and Tg2576 littermates treated with or without RSG for 1 month. To unmask A␤-mediated impairment in synaptic transmission, all recordings were performed in 1.4 mM external Ca 2ϩ to match physiological CSF calcium concentration in aging animals (Jones and Keep, 1988) and favor low release probability (Abramov and Duchen, 2010; Houeland et al., 2010) . We found that sEPSCs in WT DG granule cells were rather infrequent and significantly fewer in number when compared with Tg2576 (Fig. 1A,B) . RSG-treated Tg2576 did not differ from WT, suggesting that RSG treatment in vivo reversed the Tg2576 increased spontaneous synaptic activity. Amplitudes of sEPSCs were unaffected by genotype or treatment (Fig. 1A,C) . Changes in sEPSCs frequency were further illustrated by cumulative probability plots showing that Tg2576 exhibit significantly higher sEPSC probability at short interevent intervals compared with either WT or Tg2576 treated with RSG (Fig. 1D) , while WT and Tg2576 treated with RSG did not differ. Cumulative probability plots of sEPSC amplitudes did not differ among the groups (Fig. 1E) . One-way ANOVA revealed there were no differences in sEPSC kinetics for rise time (Fig. 1F ) or decay time (Fig. 1G) . Altered sEPSC frequency, but not amplitude or kinetics, suggests that impaired hippocampal cognition in Tg2576 mice is accompanied by DG synaptic hyperactivity through a presynaptic mechanism that is normalized following activation of PPAR␥. PPAR␥ agonism normalizes increased spontaneous synaptic activity in 9MO Tg2576 DG. A, Representative sEPSCs recorded from dentate granule cells in hippocampal slices from WT, Tg2576, and RSG-treated Tg2576. B, Frequency of sEPSCs was elevated in Tg2576 DG granule cells compared with WT ( p Ͻ 0.001, one-way ANOVA with Bonferroni post hoc test), which did not differ from Tg2576 treated with RSG ( p Ͼ 0.05, one-way ANOVA with Bonferroni post hoc test). C, There were no differences in sEPSCs amplitude among groups ( p ϭ 0.7, one-way ANOVA with Bonferroni post hoc test). D, The cumulative probability distribution of frequency was increased at short interevent intervals in Tg2576 compared with WT or to Tg2576 treated with RSG ( p Ͻ 0.001; Kolmogorov-Smirnov test) while WT did not differ from Tg2576 treated with RSG ( p ϭ 0.36). E, Cumulative probability distribution of amplitude did not differ among groups ( p Ͼ 0.1, Kolmogorov-Smirnov test). F, G, Kinetics of rise time (F (2,57) ϭ 0.28, p ϭ 0.76; F ) and decay time (F (2,57) ϭ 0.7, p ϭ 0.5; G) did not differ among groups ( p Ͼ 0.05, one-way ANOVA with Bonferroni post hoc test). Results represent mean Ϯ SEM. Calibration: 10 pA, 1 s. n ϭ 19 (WT), 19 (Tg2576), and 22 (Tg2576 ϩ RSG). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
To further characterize synaptic transmission in Tg2576 and the beneficial activation of PPAR␥, we examined short-term synaptic plasticity by stimulating the medial perforant path (mPP) and performing patch-clamp recordings from DG granule cells. Using variable current step intensities in a paired-pulse stimulation paradigm with 50 ms interpulse intervals, we analyzed the eEPSC I-O relationship (Fig.  2A1-A3 ). One-way ANOVA revealed that the responses to the first (Fig. 2B ) and second (Fig. 2C) pulses at each input current intensity were significantly elevated in Tg2576 compared with WT, which did not differ from RSG-treated Tg2576. Analysis of I-O relationships separately for pulse1 and pulse2, showed that RSG reduced the amplitude of pulse2 EPSCs more than pulse1 EPSCs (Fig. 2D) , suggesting that activation of PPAR␥ may have affected presynaptic neurotransmitter vesicle release machinery in Tg2576 DG (Fioravante and Regehr, 2011) . Moreover, minimal stimulus intensity required to induce at least one synaptic response was significantly lower in Tg2576 mice compared with WT or RSG-treated Tg2576 (Fig.  2E) , suggesting that afferent synaptic inputs from mPP to DG granule cells are hyperactive in Tg2576 mice. Finally, paired-pulse facilitation (PPF), estimated by analyzing PPR of eEPSCs, was significantly reduced in Tg2576 compared with WT, which can be associated with increased P r ; RSG-treated Tg2576 did not differ from WT (Fig. 2F ) . Together, these results are consistent with the interpretation that Tg2576 exhibit aberrant synaptic transmission and short-term plasticity mediated by a presynaptic mechanism.
Aberrant presynaptic hyperactivity can manifest via changes in the P r or the RRP. While we found changes in Tg2576 PPF, which is frequently used to estimate P r , this is an imprecise method due to the influence of postsynaptic components to PPR (Wang and Kelly, 1997) . Therefore, to provide a more accurate assessment of P r and, thereby, short-term plasticity, a series of evoked EPSCs elicited by highfrequency stimulation of 20 Hz and duration of 1.6 s (Fig. 3A) was used to calculate cumulative charge transfer (Fig.  3B) . The size of the RRP was calculated by fitting the last 11 stimuli and backextrapolating to the y-intercept. As shown in Figure 3C , the size of the RRP did not differ among the groups. The P r was then calculated using the magnitude of the response to the first pulse divided by the size of the RRP. As shown in Figure 3D , oneway ANOVA revealed that P r was significantly higher in Tg2576 compared with WT, which did not differ from Tg2576 treated with RSG, further supporting the interpretation that Tg2576 may have dysregulated neurotransmitter vesicle release machinery and PPAR␥ agonism rectifies this condition to restore synaptic transmission and short-term plasticity to WT conditions. Finally, to estimate the influence of RSG treatment on WT littermate controls we compared WT on Figure 2 . PPAR␥ agonism normalizes short-term plasticity and elevated probability of neurotransmitter release in 9MO Tg2576 DG. A, Representative traces of dentate granule cell eEPSCs using a paired-pulse stimulation paradigm by stimulating the mPP in hippocampal slices from WT (A1), Tg2576 (A2), and RSG-treated Tg2576 (A3). B, C, Synaptic I-O curves representing pulse1 (B) and pulse2 (C) show that eEPSCs were elevated in Tg2576 compared with WT ( p Ͻ 0.01 or p Ͻ 0.001, one-way ANOVA with Bonferroni post hoc test), which did not differ from Tg2576 treated with RSG ( p Ͼ 0.05, one-way ANOVA with Bonferroni post hoc test). D, RSG reduced the response to pulse2 (filled bars) more than pulse1 (open bars). For each input current, the output current from RSG-treated Tg2576 was subtracted from Tg2576 ( p Ͻ 0.001, paired Student's t test). E, Minimal stimulus intensity was lower for Tg2576 than WT or RSG-treated Tg2576 ( p Ͻ 0.05 unpaired Student's t test). WT did not differ from RSG-treated Tg2576 ( p ϭ 0.37, unpaired Student's t test). F, The ratio of pulse2 to pulse1 was reduced in Tg2576 compared with WT ( p Ͻ 0.05, Kruskal-Wallis test with Dunn's post hoc test), which did not differ from RSG-treated Tg2576 ( p Ͼ 0.05, Kruskal-Wallis test with Dunn's post hoc test). Results represent mean Ϯ SEM, n ϭ 10 (WT), 9 (Tg2576), and 11 (Tg2576 ϩ RSG) for B-E and n ϭ 15 (WT), 12 (Tg2576), and 13 (Tg2576 ϩ RSG) for F. Calibration; 100 pA, 50 ms; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. control or RSG diet. We did not find any significant changes in (1) frequency of sEPSC, (2) I-O relationships of eEPSC, (3) RRP size, or (4) P r (Table 1) . These results provide support that PPAR␥ agonism specifically modulates synaptic dysfunction in the cognitively impaired Tg2576 and does not affect normal synaptic transmission and short-term synaptic plasticity.
To elucidate proteins regulated by RSG during normalization of synaptic function and hippocampal memory, we performed quantitative MS on the DG of Tg2576 mice treated with or without RSG for 1 month. Benjamini-Hochberg analysis of protein expression revealed that RSG significantly increased ( p Ͻ 0.05) expression of many proteins seminal to SNARE regulation of vesicle dynamics including vesicleassociated membrane protein 2 (VAMP2/synaptobrevin) and complexin-2 (CPLX2), while SNAP-25 and syntaxin-1A were unchanged ( Table 2 ). Proteins that in turn regulate SNAREs were also induced including syntaxin binding protein-5/tomosyn, phosphofurin acidic cluster sorting protein 1 (PACS1), puromycin-sensitive aminopeptidase (PSA), piccolo, and vesicle-fusing ATPase. The specificity of induction was illustrated by the lack of statistically significant changes in many highly related proteins involved in vesicle fusion dynamics such as complexin-1 (CPLX1), VAMP1, and several isoforms of SNAPs, syntaxins, and their cognate binding proteins. Bioinformatics studies using IPA revealed extensive interrelationships between these RSG-regulated proteins and their cognate pathways (Fig. 4) . Many of these proteins are transcribed from genes containing PPREs and CREs in their proximal promoters (Table 2) , further supporting our previous observation of the critical convergence of the PPAR␥ and ERK signaling pathways in RSG-mediated hippocampal cognitive enhancement. Thus, these findings indicate that hippocampal information processing occurs through multiple levels of pathways and networks to achieve cognitive enhancement through proteins involved in the highly regulated process of vesicular fusion underlying synaptic transmission. 
Discussion
In some humans with early AD and mouse models for AD-like amyloidosis, impaired memory can be improved with PPAR␥ activation (Watson et al., 2005; Pedersen et al., 2006; Risner et al., 2006; Hort et al., 2007; Hoefer et al., 2008; Escribano et al., 2010; . In the present study, we investigated Tg2576 synaptic transmission in the DG, the hippocampal gateway for the formation of new memories, which is particularly susceptible to disruption in early AD (Goodrich-Hunsaker et al., 2008) . We found that spontaneous and mPP-evoked excitatory synaptic transmission in Tg2576 DG granule cells is hyperactive due to presynaptic mechanisms that were normalized following PPAR␥ activation with RSG. A role for presynaptic function in RSG-dependent cognitive enhancement was further corroborated by quantitative MS-based proteomics, which revealed that PPAR␥ activation induced expression of proteins critical to presynaptic SNARE complex regulation. Many of these proteins are coded for by genes with promoter regulatory elements that are responsive to PPAR␥ (PPREs) and ERK MAPK (CREs), further supporting previous findings that the PPAR␥ axis converges upon pathways that control synaptic transmission and hippocampal memory formation . Our findings of altered synaptic transmission in DG of Tg2576 mice provide additional evidence for the well established role of the DG in AD pathology and is consistent with numerous reports linking A␤ pathology to synaptic dysfunction (Kamenetz et al., 2003; Rowan et al., 2005; Hermann et al., 2009; Abramov and Duchen, 2010; Cuevas et al., 2011; Chakroborty et al., 2012; Park et al., 2013; Ripoli et al., 2013) . Elevated synaptic transmission observed in 9MO Tg2576 neurons is consistent with previous reports describing A␤-induced hyperactivity of hippocampal neural networks (Palop et al., 2007; Busche et al., 2012) . We found a significant increase in the frequency of sEPSCs and in Tg2576 neurons, suggesting such responses derive from presynaptic mechanisms. In accordance with increased frequency of sEPSCs, we found that paired-pulse stimulation of mPP displayed lower stimulus intensity and higher amplitude of I-O relationships in dentate granule cells of Tg2576 providing additional evidence in support of elevated synaptic activity at mPP-DG granule cells synapses. Enhanced sEPSC activity in Tg2576 DG granule cells due to presynaptic mechanisms raised the question of whether this also led to aberrant DG plasticity, specifically short-term presynaptic plasticity. When we examined mPP inputs to DG granule cells using paired-pulse stimulation to assess PPF, we found PPR was decreased in Tg2576 and normal- ized to WT with RSG. Further, using high-frequency stimulation to estimate RRP size and P r , we concluded that increased P r , but not the RRP, underlies the observed synaptic dysfunction. Together, our studies provide strong evidence for a hyperactive DG circuit during early stage AD pathology that can be attributed to presynaptic and short-term plasticity deficits. Emerging evidence indicates links between impaired brain insulin signaling, cognition, and AD (Bosco et al., 2011; RodriguezRivera et al., 2011; Schiöth et al., 2012; Talbot et al., 2012) . Because insulin sensitizers improve insulin resistance in diabetes, they have also been tested for cognitive improvement in AD. Although previous large-scale clinical trials for dementia due to AD failed to show efficacy of insulin sensitizer therapy in AD, evolving consensus deduces their ineffectiveness was due to testing in late stage disease, similar to the failure of many other AD drug candidates (Becker and Greig, 2013) . This evolving perspective derives, in part, from recent clinical trials on patients with MCI where insulin sensitizers as well as intranasal insulin provided significant cognitive benefit (Stockhorst et al., 2004; Watson et al., 2005; Risner et al., 2006; Sato et al., 2011; .
In mouse models of AD-like amyloidosis, PPAR␥ agonists ameliorate A␤-related pathology and restore ERK MAPK signaling pathways underlying hippocampus-dependent cognition (Pedersen et al., 2006; Escribano et al., 2009 Escribano et al., , 2010 RodriguezRivera et al., 2011; Denner et al., 2012; Mandrekar-Colucci et al., 2012) . The present studies showed rescue of hippocampal presynaptic transmission in Tg2576 mice and provide a novel functional mechanism that adds to previously identified effects of PPAR␥ agonism on A␤-mediated synaptic plasticity deficits (Costello et al., 2005) . We found that 1 month of treatment with the PPAR␥ agonist RSG restored the following synaptic dysfunction in Tg2576 DG granule cells: sEPSCs frequency, eEPSC I-O relationships, and P r without affecting these functions in WT. Interestingly, studying I-O relationships with paired-pulse stimulation revealed that activation of PPAR␥ led to greater normalization of pulse2 compared with pulse1, pointing for a role of PPAR␥ on vesicle release machinery. Together these findings suggest that impaired hippocampus-dependent cognitive function in 9MO Tg2576 is founded, at least in part, on loss of fidelity in entorhinal cortex communication to the DG, which is a likely contributing factor to memory deficits in early AD.
MS and bioinformatics analyses identified candidate proteins involved in restoring presynaptic function in DG and hippocampal cognition. This revealed several proteins important for synaptic transmission, particularly those important to SNARE complex integrity and function (Lao et al., 2000; Schoch et al., 2001; Sakisaka et al., 2008; Maximov et al., 2009; Jorquera et al., 2012; Cao et al., 2013) . Extensive literature confirms that altered expression of these proteins occurs in several neurological disorders including AD (Sze et al., 1997; Eastwood and Harrison, 2001; Freeman and Morton, 2004) . Furthermore, many of the genes coding for these proteins contain promoter regulatory elements that are responsive to both PPAR␥ (PPREs) and ERK MAPK (CREs), further supporting the finding that PPAR␥ activation leads to convergence of these two pathways to achieve hippocampal memory enhancement . A potential common integrator is CRE binding protein, a nuclear histone acetylase that mediates actions of ERK through CREB and directly regulates PPAR␥ to enhance hippocampal cognition in AD mouse models (Guzowski and McGaugh, 1997; Caccamo et al., 2010; Denner et al., 2012) .
The majority of the vesicle-related proteins detected were unaffected by RSG, indicating that PPAR␥-mediated cognitive enhancement is defined by a specific genomic/transcriptomic/ proteomic program. For example, of the SNARE core proteins, only VAMP2/synaptobrevin was upregulated in Tg2576 DG by RSG while SNAP25 and syntaxin-1A were unchanged. Decreased VAMP2/synaptobrevin correlates with cognitive decline in AD patients (Tannenberg et al., 2006; Honer et al., 2012) , and interaction of VAMP2/synaptobrevin with synaptophysin is modulated by A␤ (Russell et al., 2012) . Similarly, CPLX2 and syntaxin-binding protein 5 were induced by PPAR␥ activation while related isoforms and genes were unaffected. This indicates that altered expression of a select subgroup of proteins occurred during RSG-mediated cognitive enhancement.
Bioinformatics analysis revealed a highly interconnected network of DG synaptic vesicle proteins regulated by activation of PPAR␥ and convergence with the ERK MAPK pathway (Fig. 4) . VAMP2 exemplifies this interconnectivity both as a PPRE-and CRE-containing gene as well being designated as a central interaction node connecting several SNARE and SNARE regulatory proteins including: (1) PACS1, which plays a critical role in the balance of amyloidogenic and non-amyloidogenic processing of APP to regulate levels of A␤ (Schmidt et al., 2007) ; (2) syntaxin binding protein 5 (tomosyn-1; STXBP5), which regulates SNARE complex formation, hippocampal synaptic transmission, and spatial memory in the Morris water maze (Barak et al., 2013) ; (3) PSA, which is enriched in synapses and important for synaptic transmission (Hui et al., 1998) ; and (4) CPLX2.
Since complexins are integral to SNARE regulation of vesicle priming, fusion, and subsequent synchronous neurotransmitter release (Huntwork and Littleton, 2007; Jorquera et al., 2012; KaeserWoo et al., 2012; Lin et al., 2013) , our finding of increased CPLX2 in Tg2576 DG with PPAR␥ agonism-mediated cognitive enhancement suggests that this protein may occupy a significant role in hippocampal synaptic function during early AD. The decreased CPLX2 expression in Tg2576 DG would be predicted to result in increased spontaneous release and reduced synaptic dynamic range (Wragg et al., 2013) , thus providing a potential mechanism for the Tg2576 synaptic phenotype. Since VAMP2 is also reduced in AD hippocampus where levels correlate with progressive accumulation of A␤ oligomers (Pham et al., 2010) , coordinate induction of VAMP2 and CPLX2 by RSG further supports that the memory-enhancing effects of PPAR␥ agonism impinge upon synaptic vesicle dynamics.
In summary, hippocampal network hyperexcitability is considered an early indicator of AD memory impairment resulting from altered medial temporal lobe function where early hyperactivity is followed by failure of hippocampal activation as dementia develops (Putcha et al., 2011; Bejanin et al., 2012) . Neuronal circuits vulnerable to AD are also affected in mouse models for AD-like amyloidosis and have shown aberrant hippocampal network hyperactivity (Palop et al., 2007; Verret et al., 2012) . In a complementary fashion, we provide evidence that DG principal cells may contribute to hippocampal hyperexcitability via a presynaptic mechanism involving elevated glutamate release probability through deficits in SNARE and complexin proteins that are coded for by PPRE-and/or CRE-containing genes. These findings provide a putative mechanism for cognitive enhancement by RSG activation of PPAR␥ to ameliorate Tg2576 dysfunctional glutamatergic synaptic transmission, short-term plasticity, and synaptic vesicle regulatory proteins.
